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A B S T R A C T

The development of bespoke, high-performance conductive filament is critical to address limitations of current 
additively manufactured sensors. In particular, enhancing the sensitivity and reliability of this technology is vital 
toward their in-the-field applications such as water pollution monitoring. As such, we present the production of 
filament containing a mix of carbon black (CB) and graphite (G) functionalised with silver nanoparticles (AgNPs) 
that does not require special printing conditions, special instrumentation, or any post-print modification for the 
detection of cadmium (II) in environmental waters. The AgNPs are synthesised on graphite flakes using an eco- 
friendly, aqueous synthesis, without additional reducing agents and their presence is confirmed through SEM, 
EDX and XPS analysis. The AgNP loaded graphite is incorporated into a filament using recycled PLA and the bio- 
based plasticiser castor oil, ensuring sustainability is at the heart of the work. The electrodes produced a het-
erogeneous rate constant, k0, of (1.9 ± 0.2) × 10− 3 cm s− 1 and were applied toward the detection of cadmium (II) 
within buffer, tap water, and river water samples. Importantly, using electrodes straight from the print bed with 
no post-print modification, a Limit of Detection of 0.43 μg L− 1 and a Limit of Quantification of 1.44 μg L− 1 

towards the sensing of cadmium (II), significantly below the worldwide targets of 3–5 μg L− 1, was achievedwas 
achieved. This work shows a simple but effective approach to include metallic nanoparticles within conductive 
additive manufacturing filament and the capabilities towards monitoring heavy metal contaminants in water 
systems.

1. Introduction

Heavy metals are considered significant pollutants in the environ-
ment due to their use within industry and subsequent discharge into the 
environment. Cadmium (II) is one such metal, although found naturally 
at low concentrations (<1 µg L− 1) in unpolluted environmental water, 
anthropogenic activity such as mining, zinc refining, plastic 
manufacturing and the use of fertilizers have contributed to rising levels 
[1]. Exposure to cadmium, in addition to other toxic heavy metals, is an 
issue due to their ability to bind with protein sites, displacing the 
essential metals, bio-accumulating and eventually harming the body 
[2]. Through this, cadmium can induce serious health risks such as 
cancer, renal dysfunction, hypertension, and immune/nervous system 

damage [3]. As such, the World Health Organisation (WHO) have placed 
a maximum permissible level of 3 μg L− 1 in drinking water [4] and 
therefore regular monitoring and the ability to quantify the levels of 
cadmium (II) is vital. The detection of these pollutants within water 
sources is an important part of alignment with the United Nations (UN) 
Sustainable Development Goals (SDGs), in particular Goal 6 entitled 
“Clean Water and Sanitation”, which states that safe drinking water is 
out of reach for billions of people around the world.

Due to the importance of detecting cadmium (II), numerous meth-
odologies have been extensively reported within the literature. These 
include inductively coupled plasma-mass spectrometry (ICP-MS) [5], 
inductively coupled plasma-optical emission spectrometry (ICP-OES) 
[6], atomic absorption spectroscopy [7], and atomic fluorescence 
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spectroscopy [8]. Although these methods offer excellent analytical 
performance, they are costly, limited to being based within a laboratory, 
requiring a skilled user, and meticulous transport and preservation of 
the samples. On the other hand, electrochemistry offers a viable route to 
overcome these issues with the additional advantage of feasibility for 
on-site screening of water samples. Along with the revolution experience 
in the last decade involving the development of robust and reliable 
portable instrumentation, electroanalysis has transformed into a simple, 
more user-friendly and low-cost methodology that can be performed 
in-situ, meaning that it can be used anywhere in the world [9]. Various 
electroanalytical methodologies have been reported for the detection of 
cadmium (II), with the main focus on modifying the electrode material 
[3]. Classical electrodes, such as a glassy carbon or boron-doped dia-
mond, are very costly and require significant treatment between runs 
making them inefficient for this application. The rise of screen-printed 
electrodes have offered a route toward single-use sensors that have 
significant scales of efficiency [10], however the use of plastic substrates 
and organic solvents in the production is an obvious concern for envi-
ronmental reasons. Additionally, although cheap to make, the equip-
ment required for reliable screen-printing would require significant 
investment and a set location. In this regard, additive manufacturing 
electrochemistry becomes an attractive technique.

Fused filament fabrication (FFF), also referred to as Fused Deposition 
Modelling (FDM), is the most utilised additive manufacturing technique 
within electrochemistry. It has been employed in the production of 
electrochemical equipment, accessories, and notably electrodes 
[11–13]. FFF operates by depositing thermoplastic filament in a 
layer-by-layer fashion building the 3D object as specified within the 
design. FFF offers significant advantages over traditional manufacturing 
techniques such as the low cost of equipment and materials, the ability 
for on-demand manufacturing, very low waste production, short lead 
times, a high degree of customisability, and ease of global collaboration 
[14]. These advantages have seen additive manufacturing gain signifi-
cant interest in many fields of industry and academia, but the avail-
ability of electrically conductive commercial filament has been a key 
factor driving the growth of additive manufacturing within electro-
chemistry. Initially, there were significant publications on how to 
“activate” the electrodes printed from these commercial materials to try 
to remove surface polymer and improve their electrochemical perfor-
mance [15–18], as well as optimising printing and design parameters 
[19–23]. Through these methods some interesting sensor designs were 
produced [13,24–26] including for cadmium (II) [27,28]; however, the 
poor conductivity of the filament used inhibits the ability for these 
platforms to challenge traditional electrodes and the necessity to acti-
vate electrodes is a huge block toward commercialisation. As such, re-
searchers have begun to produce their own bespoke filaments designed 
for their specific applications.

The production of bespoke conductive filament has been summarised 
in the literature [29], where various filaments have been produced that 
significantly improve on the conductivities provided by the commercial 
alternative. Initially, these began as carbon black (CB) loaded filaments 
within poly(lactic acid) (PLA) for use within energy storage [30] and 
electroanalysis [31]. Since then, researchers have further improved the 
characteristics of filament through using mixed carbon materials 
[32–35] to either improve the conductivity or reduce the material cost of 
production. Additionally, there are reports of alternative base polymers 
to improve the chemical stability [36,37], and a drive for improved 
sustainability through using recycled polymers [31–36,38,39], replac-
ing CB with graphite [34,35], or through using bio-based plasticisers 
[39]. Recently, acknowledging the importance of advancing with this 
technology for electroanalytical applications, Koukouviti et al. [40]
have reported the inclusion of the base metals copper and bismuth for 
the production of specialised filament, however there has been no re-
ports of precious metal embedded filament. To further progress the field 
of additive manufacturing electrochemistry and create bespoke filament 
of exceptional electrochemical properties, the inclusion of precious 

metal nanoparticles is desired. The interest in the use of silver nano-
particles (AgNPs) in electroanalytical applications is enormous as their 
catalytic properties result in an improvement of the sensing performance 
of the electrodes [41]. Some methods employed in the literature to 
modify electrodes with silver nanoparticles are included in the Table S1. 
Electrodeposition and solution drop-casting are the most applied, which 
are often complicating electrode modifications due to reproducibility 
problems at large scale [42] and limited conductivity of commercial 
filaments [43]. In this work, we propose a new method that facilitates 
integrating AgNPs synthesis to the additive manufacturing methodolo-
gies for the fabrication of highly conductive polymers that will help 
realise scenarios where most-common post-print modifications of elec-
trodes are not required.

Therefore, we look to synthesise silver nanoparticles (AgNPs) onto 
graphite using an eco-friendly methodology modified from work by 
Pandey et al. [44]. Such modified graphite containing AgNPs is used to 
directly produce high performance conductive PLA filament applied for 
the electroanalytical detection of cadmium (Cd2+) in environmental 
waters without further modifications. This approach will overcome 
current obstacles for the commercial viability of additive manufacturing 
electrochemistry and encourage a step change in how in situ environ-
mental monitoring can be achieved.

2. Experimental section

2.1. Chemicals

All chemicals used throughout this work were used as received 
without any further purification. All aqueous solutions were prepared 
with deionised water of a measured electric resistivity not less than 18.2 
MΩ cm, sourced from a Milli-Q Integral 3 system from Millipore UK 
(Watford, UK). Hexaammineruthenium (III) chloride (98 %), castor oil, 
potassium ferricyanide (99 %), potassium ferrocyanide (98.5–102 %), 
sodium hydroxide (>98 %), potassium chloride (99.0–100.5 %), 
graphite powder (<20 µm), boric acid (≥99.5 %), phosphoric acid 
(≥85 %), acetic acid (≥99 %), nitric acid (70 %) and cadmium standard 
for AAS were purchased from Merck (Gillingham, UK). Silver nitrate 
(>99 %) was purchased from Alfa Aesar (Massachusetts, USA). Carbon 
black was purchased from PI-KEM (Tamworth, UK). Recycled poly(lactic 
acid) (rPLA) was purchased from Gianeco (Turin, Italy). River water 
samples were obtained in accordance with EPA guidelines from the 
River Irwell, Greater Manchester, UK (approx. location: 53.517464, 
− 2.302739). Tap water samples were obtained from laboratory 5.39, 
John Dalton Tower, Manchester, UK.

2.2. Silver nanoparticles (AgNPs) synthesis on graphite

The AgNPs were synthesised directly onto graphite flakes based on 
the procedure reported by Pandey et al. [44] performed on graphite 
sheet. Briefly, a 50 mL solution of AgNO3 (20 mg mL− 1) was prepared, to 
which 20 g of graphite powder was added. This was placed on a stirrer 
plate at room temperature and left to stir overnight, after which the 
solution was removed through vacuum filtration on a standard filter 
paper and dried in the oven at 60 ◦C. This powder was then ready for use 
within filament production.

2.3. Recycled filament production

Recycled polylactic acid (rPLA) was dried in an oven at 60 ◦C for a 
minimum of 2.5 h before use to remove any residual water in the 
polymer. The polymer composition was achieved through the addition 
of appropriate amounts of rPLA, castor oil, carbon black (CB), and 
functionalised graphite in a chamber of 63 cm3. All filaments made 
throughout this work utilised 10 wt% castor oil as a plasticiser [39], the 
amount of PLA, CB and graphite were used as previously tested [45]. 
The compounds were mixed using a Thermo Haake Polydrive dynameter 
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fitted with a Thermo Haake Rheomix 600 (Thermo-Haake, Germany) at 
190 ◦C with Banbury rotors at 70 rpm for 5 min. The resulting polymer 
composites were allowed to cool to room temperature before being 
granulated to create a finer particle size using a Rapid Granulator 1528 
(Rapid, Sweden). The polymer composites were collected and processed 
through the hopper of a EX2 extrusion line (Filabot, VA, United States). 
The EX2 was set up with a single screw with two set heat zones of 60, and 
195 ◦C, respectively. The molten polymer was extruded from a 1.75 mm 
die head, pulled along an airpath cooling line (Filabot, VA, United 
States) and collected on a spool. After which, the filament was then 
ready to use for additive manufacturing.

2.4. Additive manufacturing of the electrodes

All computer designs and 3MF files in this manuscript were produced 
using Fusion 360® (Autodesk®, CA, United States). These files were 
sliced and converted to GCODE files in PrusaSlicer (Prusa Research, 
Prague, Czech Republic). The additive manufactured electrodes were 
produced using fused filament fabrication (FFF) technology on a Prusa 
i3 MK3S+ (Prusa Research, Prague, Czech Republic). All additive 
manufactured electrodes were printed using identical printing parame-
ters, namely a 0.6 mm nozzle with a nozzle temperature of 215 ◦C, 
100 % rectilinear infill [19], 0.15 mm layer height, and print speed of 
35 mm s− 1.

2.5. Physicochemical characterisation

X-ray Photoelectron Spectroscopy (XPS) data were acquired using an 
AXIS Supra (Kratos, UK), equipped with a monochromatic Al X-ray 
source (1486.6 eV) operating at 225 W and a hemispherical sector 
analyser. It was operated in fixed transmission mode with a pass energy 
of 160 eV for survey scans and 20 eV for region scans with the collimator 
operating in slot mode for an analysis area of approximately 700 × 300 
μm, the FWHM of the Ag 3d5/2 peak using a pass energy of 20 eV was 
0.613 eV. The binding energy scale was calibrated by setting the 
graphitic sp2 C 1 s peak to 284.5 eV; this calibration is acknowledged to 
be flawed [46] but was nonetheless used in the absence of reasonable 
alternatives, and because only limited information was to be inferred 
from absolute peak positions.

Scanning Electron Microscopy (SEM) micrographs were obtained 
using a Crossbeam 350 Focussed Ion Beam – Scanning Electron Micro-
scope (FIB-SEM) (Carl Zeiss Ltd., Cambridge, UK) fitted with a field 
emission electron gun. Secondary electron imaging was completed using 
a Secondary Electron Secondary Ion (SESI) detector. Energy Dispersive 
X-ray Spectroscopy (EDX) analysis was performed using an Ultim Max 
170 detector (Oxford Instruments plc, Abingdon, UK.) installed on the 
FIB-SEM. An acceleration voltage of 20 kV was used to image the sam-
ples for EDX analysis experiments. Samples were mounted on the 
aluminium SEM pin stubs (12 mm diameter, Agar Scientific, Essex, UK) 
using adhesive carbon tabs (12 mm diameter, Agar Scientific, Essex, UK) 
and coated with a 5 nm layer of Au/Pd metal using a Leica EM ACE200 
coating system before imaging. Quantification of EDX spectra was car-
ried out using a standardless quantification procedure developed by 
Oxford Instruments and integrated into the AZtec 6.1 (Oxford In-
struments, Abingdon, UK).

X-ray diffraction (XRD) measurements were performed on the pow-
der graphite samples to obtain the structural information using PAN-
alytical X’Pert Powder X-ray diffractometer with Cu (λ = 1.54 Å) as the 
source with 45 kV voltage and 40 mA current settings. The data were 
collected in a continuous mode over the 2Ɵ scan range of 5◦ – 90◦, with a 
step size of 0.01◦ for 108 seconds per step at room temperature under 
ambient conditions. The samples were spinning at 16 rpm during the 
measurements for uniform data collection. PreFIX module on the inci-
dent beam side with the automatic divergence and fixed anti-scatter slit 
of 4◦ along with PreFIX module on the diffracted side with PIXcel 1D 
detector in scanning line mode with programmable anti-scatter slit were 

used to collect the diffraction patterns from a constant irradiated length 
of 0.5 mm.

2.6. Electrochemical experiments

All electrochemical experiments were performed on an Autolab 
100 N potentiostat controlled by NOVA 2.1.7 (Utrecht, The 
Netherlands). Identical additive manufactured electrodes were used 
throughout this work for all filaments, printed in a lollipop shape (Ø 
5 mm disc with 8 mm connection length and 2 × 1 mm thickness [20]) 
alongside an external commercial Ag|AgCl/KCl (3 M) reference elec-
trode with a nichrome wire counter electrode. Note that the electrode is 
connected using a crocodile clip where only the circular part is carefully 
immersed in the solution to perform the experiments. All solutions of 
[Ru(NH3)6]3+ were purged of O2 thoroughly using N2 prior to any 
electrochemical experiments. Solutions of [Fe(CN)6]4- were prepared in 
the same way without the need of further degassing. Note that electro-
chemical cells and additional glassware used in this work has been 
pre-treated accordingly for trace heavy metals analysis prior to use, 
which involved a 24 h immersion in 10 % nitric acid solution, rinse with 
deionised water and keep in sealed bags to avoid further contamination.

Electrochemical impedance spectroscopy (EIS) was recorded in the 
frequency range 0.1 Hz to 100 kHz applying 10 mV of signal amplitude 
to perturb the system under quiescent conditions. NOVA 2.1.7 software 
was used to fit Nyquist plots obtained to adequate equivalent circuit.

Activation of the additive manufactured electrodes was performed 
before the electrochemical experiments using [Fe(CN)6]4-. This was 
achieved electrochemically in 0.5 M NaOH, as described in the literature 
[47]. Briefly, the additive manufactured electrodes (CB/Ag-G/PLA) 
were connected as the working electrode in conjunction with a nichrome 
wire coil counter and Ag|AgCl/KCl (3 M) reference electrode and placed 
in a solution of 0.5 M NaOH. Chronoamperometry was used to activate 
the additive manufactured electrodes by applying a set voltage of 
+ 1.4 V for 200 s, followed by applying -1.0 V for 200 s. The additive 
manufactured electrodes were then thoroughly rinsed with deionised 
water and dried under compressed air before further use.

3. Results and discussion

3.1. Synthesis of silver nanoparticles (AgNPs) on graphite and 
incorporation into filament

AgNPs were produced on the surface of graphite flakes utilising an 
eco-friendly methodology, Fig. 1 A, involving the submersion of 
graphite powder within a 20 mg mL− 1 aqueous solution of AgNO3 with 
stirring overnight. This methodology didn’t utilise any solvents other 
than water, as well as no addition of reducing agents, instead relying 
solely on the reducing nature of graphite. Once filtered and dried, the 
modified graphite powder was characterised to identify the presence of 
AgNPs. Fig. 1B shows a micrograph obtained for the modified graphite, 
where the presence of small spherical moieties can be seen predomi-
nantly on the edges of the graphite flakes.

To further confirm the presence of silver on the graphite surface, EDX 
mapping was performed on selected areas. An example region, along 
with its corresponding carbon and silver maps, is shown in Fig. 1 C, 1D, 
and 1E, respectively. These maps reveal that the majority of the 
composition consists of carbon, corresponding to the graphite flakes, 
while small, dispersed silver particles appear as distinct spherical points 
across the sample.

XRD analysis was then performed on graphite powder modified with 
AgNPs, Fig. 1 F. The XRD pattern of AgNP-graphite shows several 
reflection peaks at 2Ɵ values of 37.84◦, 44.37◦, 54.33◦ and 77.34◦, 
which correspond to the (111), (200), (142) and (311) planes of the face- 
centred cubic (fcc) crystal structure of silver (JCPDS, No. 04–0783), 
confirming the crystalline nature of the AgNPs formed on the surface of 
graphite [48,49]. Furthermore, the crystallite sizes were determined 
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from the reflection peaks for AgNPs using the Debye-Scherrer Eq. (1)
[50,51]: 

D = k λ / (β Cos θ)                                                                         (1)

Where D represents the average crystallite size calculated for all the 
reflection peaks, k is the Scherrer constant commonly taken as 0.94 [52], 
λ is the wavelength of X-ray source, β is the corrected sample peak 
broadening or full width at half maximum (FWHM) and θ is the Bragg 
diffraction angle at peak position.

Considering the four identified peaks, the average size of AgNPs 
deposited on graphite using the described sustainable approach was 
15.05 ± 4.07 nm, confirming the nano-size nature of the likely AgNPs 
synthesised.

To further confirm the presence of the AgNPs on the surface of the 
graphite, the samples were analysed through XPS. Fig. 1 G reveals two 
main peaks at 368 eV and 374 eV, corresponding to Ag 3d5/2 and Ag 
3d3/2, respectively. The fitting of these peaks yields an RSD of 1.176. 
These results align with previous reports in the literature [53,54], con-
firming the presence of Ag on the surface of the graphite. Once the 
presence of AgNP on the graphite was confirmed this was incorporated 
into conductive additive manufacturing filament. To create high per-
formance conductive filament with graphite, it is important to use a 
combination of carbon black and graphite [34,35]. Using a total carbon 
loading of 30 wt%, with the optimised ratio of CB (18 %) to graphite 
(12 %) established previously [35], filaments were produced incorpo-
rating AgNP-modified graphite (CB/Ag-G/PLA). The impressive 
low-temperature flexibility of the produced filament is presented in 

Figure S1A, which is attributed to the castor oil plasticiser [39]. In 
addition to flexibility, the filament showed excellent conductivity with 
bulk resistance across 10 cm of filament measured to be (422 ± 33) Ω 
for the CB/Ag-G/PLA. Once the filament was available, additively 
manufactured electrodes were produced ready for electrochemical 
characterisation. Figure S1B shows the high quality print definition of 
lollipop electrode accomplished with the CB/Ag-G/PLA filament.

3.2. Electrochemical characterisation of the additive manufactured 
electrodes

The additively manufactured electrodes printed from the AgNP 
filament were electrochemically characterised against both the near- 
ideal outer-sphere redox probe hexaamineruthenium (III) chloride [Ru 
(NH3)6]3+ (1 mM in 0.1 M KCl) and the commonly used inner-sphere 
probe [Fe(CN)6]4- (1 mM in 0.1 M KCl). Initially, potential scan rate 
studies (5–500 mV s− 1) were performed against [Ru(NH3)6]3+ (1 mM in 
0.1 M KCl) as this allowed for the best determination of the heteroge-
neous electron (charge) transfer rate constant (k0) and the real electro-
chemical surface area (Ae) [55]. An example of the potential scan rate 
obtained additively manufactured electrodes printed from the 
only-graphite filament and the AgNP filament are presented in Figs. 2A 
and 2B. In both cases, the appropriate redox couple for [Ru(NH3)6]3+

(1 mM in 0.1 M KCl) is observed with a one-electron reduction peak 
observed at ~-0.2 V with a defined and crisper wave shape. The inset in 
Figs. 2A and 2B are the corresponding Randles- Ševčík plot confirming 
the diffusion-controlled nature of the electrochemical processes. The 

Fig. 1. (A) Schematic representation of AgNP-graphite production. (B) SEM image for modified graphite powder. (C to E) EDX elemental mapping analysis of 
graphite area, carbon map, and silver map, respectively. (F) XRD pattern of AgNP-graphite and (G) XPS data for AgNP-graphite.
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calculated k0 for the only-graphite electrode was (1.75 ± 0.06) × 10− 3 

cm s− 1 compared to AgNP-graphite electrodes where it was (1.93 
± 0.015) × 10− 3 cm s− 1, with a corresponding real electrochemical 
surface area of (0.53 ± 0.03) cm2 and (0.62 ± 0.03) cm2 for 
only-graphite and AgNP-graphite electrodes, respectively. Additionally, 
cyclic voltammetry at 50 mV s− 1 revealed a peak-to-peak separation of 
(0.124 ± 0.003) V and (0.118 ± 0.008) V for only-graphite and 
AgNPs-graphite electrodes, highlighting the favourable electron transfer 
characteristics attributed to the presence of AgNP.

The electrodes were then further tested against the commonly used 
inner-sphere probe [Fe(CN)6]4-/3- (1 mM in 0.1 M KCl) as this molecule 
cannot react electrochemically via quantum electron tunnelling [56]. 
The potential scan rate study (5–500 mV s− 1) for [Fe(CN)6]4-(1 mM in 
0.1 M KCl) using the AgNP electrode is presented in Fig. 2C, with the 
Randles- Ševčík equation once again inset showing the electrochemical 
process is of a diffusion-controlled nature. Finally, the AgNP electrodes 
were compared with the graphite-only electrodes using electrochemical 
impedance spectroscopy (EIS) in a [Fe(CN)6]4-/3- solution (1 mM in 
0.1 M KCl), with the corresponding Nyquist plot shown in Fig. 2D. From 
this plot, both the solution resistance (RS) and charge-transfer resistance 
(RCT) of the electrodes were determined through circuit fitting, with the 
applied circuit shown as an inset in Fig. 2D. The results suggest no 
substantial improvement in charge-transfer resistance, given the varia-
tions in standard deviation. The RCT values were 0.91 ( ± 0.27) kΩ for 
CB/G/PLA and 1.08 ( ± 0.10) kΩ for CB/Ag-G/PLA. However, a notable 
improvement in solution resistance was observed for the CB/Ag-G/PLA 
electrode. The RS value for CB/Ag-G/PLA was 236 ( ± 5) Ω, significantly 
lower than the 432 ( ± 4) Ω measured for CB/G/PLA, indicating reduced 

resistance introduced by the CB/Ag-G/PLA electrode. Having electro-
chemically characterised the AgNP electrodes, we now move toward 
testing them toward the electroanalytical determination of cadmium 
(II).

3.3. Electroanalytical determination of cadmium (II)

The detection of cadmium (II) within water samples is important to 
meet the United Nations Sustainable Development Goals 6 entitled 
Clean Water and Sanitation. Cadmium accumulates in the body, within 
the kidneys, whereby the associated renal tubular damage is linked to 
the impaired reabsorption of proteins, glucose and amino acids. Gov-
erning bodies across the board have set exposure limits for cadmium of 
5 μg L− 1, including the United States Environmental Protection Agency 
(EPA) and the European Union (EU). As such, 5 µg L− 1 is the minimum 
requirement for the development of new sensors in this field. To achieve 
this level of sensitivity it is common within electroanalysis to look to-
ward pulse techniques and therefore we look to explore both differential 
pulse voltammetry (DPV) and square-wave voltammetry (SWV) to this 
end. Additionally, for additively manufactured electrodes to be easily 
commercialised the removal of activation procedures is necessary and as 
such all the electrodes used for electroanalysis will be used without any 
post print treatment. The electrochemical mechanism involved in the 
detection of cadmium (II) on CB/Ag-G/PLA is described as: 

Cd2+(aq) + 2e− (m)→Cd0(s) (2) 

To test the CB/Ag-G/PLA electrodes towards the detection of cad-
mium (II) we first optimised the buffer for the laboratory measurements, 

Fig. 2. Potential scan rate study (5–500 mV s− 1) with [Ru(NH3)6]3+ (1 mM in 0.1 M KCl) performed in the (A) only-graphite (CB/G/PLA) and (B) AgNP-graphite 
(CB/Ag-G/PLA) as the WE, respectively. Inset: Randles–Ševčík plot. (C) Potential scan rate study (5–500 mV s-1) with [Fe(CN)6]4- (1 mM in 0.1 M KCl) per-
formed in the AgNP-graphite as the WE. Inset: the Randles–Ševčík plot. (D) Comparison of EIS Nyquist plots of [Fe(CN)6]4-/3- using only graphite (CB/G/PLA) and 
AgNP-graphite (CB/Ag-G/PLA) electrodes. Inset: the proposed equivalent circuit.
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Figure S2. Britton Robinson (BR) buffer (pH = 5.0) and BR buffer (pH =
5.0) with 0.1 M KCl were tested for the detection of 100 µg L− 1, where it 
was found that the addition of KCl did not improve the performance of 
the system. Following this, the deposition potentials (Figure S3) and 
deposition times (Figure S4) were optimised for both the DPV and SWV 
techniques. It was concluded that a deposition potential of − 1.0 V and 
time of 60 s was optimal for DPV, and a potential of − 1.1 V and time of 
60 s was optimal for SWV. Finally, the parameters for both DPV and 
SWV were optimised, with the final values found in Table S2.

Using these optimised settings, CB/G/PLA and CB/Ag-G/PLA elec-
trodes were tested for the detection of 100 µg L− 1 cadmium (II) with the 
SWV results shown in Fig. 3 A. It can be seen clearly in both cases that 
the AgNP produces a significantly higher peak current compared to the 
graphite only electrode, which is attributed to the increased surface area 
and improved electrochemical performance of the electrode with. To 
further test the electrode, both the as-printed only graphite and AgNP- 
graphite electrodes were then used to produce an analytical curve for 
the detection of cadmium (II) within BR buffer (pH = 5.0) using SWV. 
The SWV results for the CB/G/PLA and CB/Ag-G/PLA electrodes are 
overlayed in Fig. 3B for comparative purposes, showing the significant 
improvement in sensitivity with the electrode containing AgNP 
graphite. The detection of cadmium (II) using the AgNP electrode was 
achieved over two linear ranges, between 1.5 – 15 µg L− 1 and 30 – 
100 µg L− 1. Using this data, the limit of detection (LOD) and limit of 
quantification (LOQ) could be calculated using 3 times and 10 times the 
deviation of the blank divided by the gradient of the analytical cali-
bration curve. The LOD for the AgNP electrode was calculated as 
0.43 µg L− 1 and the LOQ at 1.44 µg L− 1, which are clearly well below 
the guidelines of 3–5 µg L− 1 set out by governing bodies. Importantly, 
this was achieved without activation of the electrode or any other post 
print modifications, giving enhanced viability toward commercialisa-
tion. The repeatability for CB/Ag-G/PLA electrode using both DPV and 
SWV was then studied, Figure S5. For both techniques the AgNP elec-
trodes produced a 3.06 % deviation using SWV and 5.13 % using DPV, 
showing excellent reproducibility of this additive manufactured AgNP 
electrode.

Additionally, possible interferents were tested for both CB/Ag-G/ 
PLA and CB/G/PLA electrodes (Figure S6). The anodic current re-
sponses were evaluated in the presence of Pb2⁺, Hg2⁺, and As3⁺ at a 1:1 
analyte-to-interferent ratio. When using CB/G/PLA electrodes, the Cd 
peak current exhibited a substantial increase of 890 % in the presence of 
Hg2⁺. In contrast, while the CB/Ag-G/PLA electrode also showed a 
notable increase (284 %), it demonstrated greater resistance to inter-
ference compared to CB/G/PLA. Overall, neither Pb2⁺ nor As3⁺ caused 
significant interference in either electrode. However, the CB/Ag-G/PLA 

electrode exhibited slightly lower standard deviations in peak currents, 
indicating better stability in the presence of interfering species.

Finally, having established that SWV was the best technique in 
combination with the AgNP electrodes, this system was applied to the 
detection of cadmium (II) within real tap and river water samples. The 
plot for the AgNP electrode in tap water is shown in Fig. 4A, where a 
linear range was again found, with a R2 value of 0.98, a LOD of 
0.05 µg L− 1, a LOQ of 0.15 µg L− 1, and a recovery of 98 %. Within river 
water, Fig. 4B, once again a linear relationship was found giving an R2 

value of 0.99, a LOD of 0.55 µg L− 1, a LOQ of 1.85 µg L− 1, and a re-
covery of 87 %. To further test the system within river water, spiked 
samples were tested using both the graphite and AgNP electrodes, with 
the results summarised in Table 1.

This shows that the electrodes printed from the CB/Ag-G/PLA fila-
ment can provide excellent sensitivity and accuracy for the detection of 
cadmium in real environmental water samples. Table S3 shows a com-
parison between this system and others reported in the literature where 
the additively manufactured electrode from AgNP filament performs 
excellently.

4. Conclusions

Within this work, we report the production of a novel conductive 
additive manufacturing filament containing AgNPs (CB/Ag-G/PLA). The 
AgNPs were synthesised using an eco-friendly methodology where 
graphite flakes acted as the reducing agent. The AgNP loaded graphite 
flakes were then incorporated into additive manufacturing filament. The 
electrodes printed from this filament were electrochemically charac-
terised. The AgNP graphite electrodes produced an k0 value of (1.9 
± 0.2) × 10− 3 cm s− 1, showing an excellent electrochemical perfor-
mance due to the presence of the AgNPs. The electrodes were then 
applied toward the detection of cadmium (II). Using an optimised SWV 
methodology, the AgNP electrodes achieved a LOD of 0.43 µg L− 1 and a 
LOQ of 1.44 µg L− 1 which is well below the target of 3–5 µg L− 1 set by 
worldwide agencies for the appropriate levels of cadmium in water. The 
electrodes were successfully used to determine the cadmium (II) con-
centration within tap and river water samples with recoveries achieved 
between 87 % and 102 %. These electrodes achieved these impressive 
levels of sensitivities with no post print-modification or activation pro-
cedure which is common within additive manufacturing electrochem-
istry. This work shows how to include metallic nanoparticles within 
conductive additive manufacturing filament and the improved electro-
chemical performance you can achieve through this. With no further 
requirement for special printers or complex electrode modification, we 
expect this to motivate researchers to explore electrode materials never 

Fig. 3. (A) SW voltammograms in the presence of 100 µg L− 1 of cadmium (II) performed at graphite and AgNP-graphite electrodes in 0.1 mol L-1BR (pH 5.0). (B) SW 
voltammograms for cadmium oxidation performed at CB/G/PLA (black line) and CB/Ag-G/PLA (blue line) in the linear range of 4.5–100 µg L− 1 and 1.5–100 µg L− 1 

in 0.1 mol L-1BR, respectively. Inset: calibration plots for CB/Ag-G/PLA. SWV parameters: a = 80 mV, f = 40 Hz, ΔE = 6 mV, Edeposition = -–1.1 V.
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tested in additive manufacturing and to develop enhanced filaments to 
increasingly open the scope of applications of this technology in water 
pollution monitoring field.
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